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Combination Protocols of Cytokine Therapy With Interleukin-3 and
Granulocyte-Macrophage Colony-Stimulating Factor in a Primate Model of
Radiation-Induced Marrow Aplasia

By Ann M. Farese, Douglas E. Williams, Fritz R. Seiler, and Thomas J. MacVittie

Single cytokine therapy with granulocyte-macrophage col-
ony-stimulating factor (GM-CSF) or interleukin-3 (IL-3) has
been shown to be effective in decreasing the respective
periods of neutropenia and thrombocytopenia following ra-
diation- or drug-induced marrow aplasia. The combined ad-
ministration of IL-3 and GM-CSF in normal primates sug-
gested that a sequential protocol of IL-3 followed by
GM-CSF would be more effective than that of GM-CSF
alone in producing neutrophils (PMN). We investigated the
therapeutic efficacy of two combination protocols, the se-
quential and coadministration of recombinant human IL-3
and GM-CSF relative to respective single cytokine therapy,
and delayed GM-CSF administration in sublethally irra-
diated rhesus monkeys. Monkeys irradiated with 450 cGy
(mixed figssion neutron;gamma radiation) received either
IL-3, GM-CSF, human serum albumin {HSA), or IL-3 coad-
ministered with GM-CSF for days 1 through 21 consecu-
tively postexposure, or IL-3 or HSA for days 1 through 7
followed by GM-CSF for days 7 through 21. Al

INEAGE-SPECIFIC CYTOKINES, granulocyte-mac-
rophage colony-stimulating factor (GM-CSF), and
granulocyte-CSF (G-CSF) have demonstrated therapeutic
efficacy in reducing the periods of neutropenia associated
with radiation- and drug-induced marrow aplasia.'* Inter-
leukin-3 (IL-3) hasshown efficacy in stimulating the produc-
tion of platelets (PLTs) in animals* and some patients, but is
less effective in gencerating neutrophils (PMNs), 3¢
Previous studies in normal primates have indicated that
the combination of GM-CSF and IL-3 promoted a synergis-
tic rise in peripheral white blood cells (WBC) and PLT levels
when 1L-3 was administered before GM-CSF.”® Whereas
the coadministration of GM-CSF and IL-3 resulted in di-
minished PMN production relative to GM-CSF alone (Fa-
rese et al, unpublished data). The sequential combination of
IL-3 and GM-CSF is based on the concept that IL-3 will
expand GM-CSF sensitive target cells for more efficient pro-
duction of neutrophils in addition to generating an increase
of PLT precursors. Whereas, thc combined administration
of IL-3 and GM-CSF. may result in downregulation of GM-
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cytokines and HSA were injected subcutaneously at a total
dose of 25 ug/kg/d. divided twice daily. Complete blood
counts (CBC) and platelet {PLT) counts were monitored
over 60 days postirradiation. The respiratory burst activity
of the PMN was assessed flow cytometrically, by measur-
ing hydrogen peroxide (H,0;) production. Coadministra-
tion of IL-3 and GM-CSF reduced the average 16-day pe-
riod of neutropenia and antibiotic support in the control
animals to 6 days (P = .006). Similarly, the average 10-
day period of severe thrombocytopenia, which necessi-
tated PLT transfusion in the control animals, was reduced
to 3 days when IL-3 and GM-CSF were coadministered {P
= .004). The sequentia! administration of IL-3 followed by
GM-CSF had no greater effect on PMN production than
GM-CSF alone and was less effective than IL-3 alone in
reducing thrombocytopenia. PMN function was enhanced
in all cytokine-treated animals.

This is a US government work. There are no restrictions on
its use.

CSF receptors by IL-3 and thus dampen the GM-CSF-in-
duced increase in PMNs,

IL-3 regulates proliferation of early multipotential pro-
genitor cells. as well as more committed progenitor cells of
erythroid, granulocyte, and megakaryocyte lineages.'® GM-
CSF in addition to its lineage-specific effects. also possesses
megakaryocyte colony-stimulating activity.'""'? The.in vitro
activity of both IL-3 and GM-CSF has been shown to be
additive with respect to stimulating larger colonies than ei-
ther cytokine alone.'*'¢

Despite monotherapy with the CSFs, neutropenia and
thrombocytopenia have remained as severe consequences
following radiation or chemotherapy. We tested the thera-
peutic efficacy of combined IL-3 and GM-CSF protocols,
both sequentially and coadministered. for the production of
PMNs and PLTs in sublethally irradiated rhesus monkeys.
We demonstrated that unlike previous studies in normal
cynomolgus and rhesus monkeys.”® coadministration of

'GM-CSF and 1L-3 promoted accelerated PLT and PMN

recovery in marrow-ablated rhesus monkeys relative to se-
quential cytokine therapy or treatment with either cytokine
alone.

MATERIALS AND METHODS
Expression. Purification. and Analvsis of Cytokines

Human GM-CSF and IL-3, were expressed in yeast and purified
to homogeneity as previously described.!” N-linked glycosylation
sites were eliminated from the GM-CSF (Asn 27, Thr 39) and IL-3
(Asn 15. Asn 70) cDNAs by the oligonucleotide-directed site-speci-
fic mutagenesis.'® Purified recombinant proteins were analyzed by
amino acid compositional analysis. and N-terminal sequence analy-
sis was performed by automated Edman degradation with an Ap-
pited Biosystems Mode! 477A protein sequencer (Applied Biosys-
tems, Foster City. CA). Quantitation of the endotoxin content of
purified recombinant proteins was performed with the Limulus as-
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CYTOKINE PROTOCOLS IN IRRADIATED PRIMATES

Table 1. Neutropenia and Thrombocytopenia in Sublethally
Irradiated and Cytokine-Treated Rhesus Monkeys: Duration and
Mean Days of Cytopenia

Neutropenta Thrombocytopenia
Treatment Days Duration Days  Duration

HSA 16 (5-20d) 10 (10-19 d)
GM-CSF 11° (6-16 d) 8 (10-17 d)
IL-3 15 (6-20 d) 6° (10-15d)
IL-3 and GM-CSF (d 1-21) 6°t (6-9, 12-13d) 3°*t (11-134d)
IL-3(d 1-7), GM-CSF (d 7-21} 12 (6-17 d) 8 (10-17 d)
HSA (d 1-7), GM-CSF {d 7-21) 12 {6-17 d) 8 (10-17 d)

Monkeys, whole body irradiated with 450 ¢Gy of mixed fission neu-
tron gamma radiation were treated with control protein (HSA) or cyto-
kines according to protocol. Neutropenia is an absolute neutrophil count
of <1,000 x 10°/4L. Thrombocytopenia is a platelet count of <30,000
X IOJ/pL.

* Significant statistical difference from HSA-treated controls.

t Significant statistical difference from sequential protocols and GM-
CSF protocol.

say {Whittaker Bioproducts, Gaithersburg, MD) and was below the
limits of detection for GM-CSF and 11.-3,

Primate Studies

Animals.  Domestic born male rhesus monkeys. Macaca mu-
fatta (mean weight 2.9 + 0.3 kg). were housed in individual stainless
steel cages in conventional holding rooms of an American Associa-
tion for Accreditation of Laboratory Animal Care accredited ani-
mal facility at the Armed Forces Radiology Rescarch Institute
(AFRRI). Monkeys were provided 10 air changes per hour of 100%
fresh air. conditioned to 72°F + 2°F with a relative humidity of
§0% + 20 and maintained on a 12-hour light/dark full spectrum
light cvele. with no twilight. Monkeys were provided with commer-
cial primate chow. supplemented with fresh fruit and tap water ad
libitum. Research was conducted according to the principles enunci-
ated in the Guide for the Care and Use of Laboratory Animals,
prepared by the Institute of Laboratory Animal Resources. Na-
tional Research Council.

Irradiation and cliviical support. Monkeys placed in an alumi-
num restraining chair, following a prehabituation period. were total
body irradiated (TBI) in a posterior-anterior direction using the
AFRRITRIGA reactor. They were exposed to a pulse (<50 millisec-
onds) of mixed (1:1. free in-air) fission neutron and gamma radia-
tion to a total free in-air (skin surface dose) of 450 ¢Gy. All expo-
sures were monitored using ionization chambers, sulfur activation
foils. and radioluminescent glass and silicon diodes. An antibiotic
regimen was initiated prophylactically when the WBC was < 1.000/
pL and continued daily until the WBC was > 1 000/xl. for 3 consec-
utive days. Gentamicin (Lyphomed. Deerfield. L) (1.5 mg/kg q12)
and rocephin (Roche. Nutlev, NJ) (100 mg/kg/d) were adminis-
tered intramuscularly. Fresh. irradiated (1.500 ¢Gy *°Co) PLTs
from a random donor pool (monkeys of > 10 kg) were administered
every other day when the PLT count was less than 30.000/uL.

Recombinant cytokine administration protocol. Beginning on
day 1 after irradiation. monkeys were administered twice daily sub-
catancous injections of ¢ither recombinant human 10-3 (25 up/ke/
d. n - . GM-CSF (25 ug/kesd. n = 4. GM-CSF and 1L-3 (25
pg/kg/d cach. n = &), or human serum albumin (HSA: 25 pg/kg/d.
n - S)asacontrol for 21 days. In studies of sequential growth factor
administration, 11.-3 (25 gp/kg/d) was administered for 7 days (he-
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ginning on day 1) lollowed by 14 days of GM-CSF (25 pg/kg/d. n =
4). Another cohort of animals received HSA for days | 1o 7, fol-
lowed by 14 days of GM-CSF (25 pg/kg/d).

Peripheral Blood Analysis

Peripheral blood was sampled to assay complete blood (Modcl S

Plus 11. Coulter Electronics. Hialeah, FL) and differential counts
(Wright-Gicmsa Stain. Ames Automated Slide Stainer. Elkhart,
IN). Baseline levels (BL) were obtained before irradiation.

Newrrophil activation studies.  Heparinized peripheral blood
was diluted with 0.83% NH,C1 (10 minutes. 21°C) to lyse the red
blood cells. The leukoeytes were pelleted (400g for 10 minutes at
4°C), washed in Hanks' Balanced Salt Solution (HBSS) without
Ca®* and Mg** (GIBCO. Grand Island. NY). resuspended in Dul-
becco's phosphate-buffered saline (PBS: GIBCO) (5 to 10 x. 108/
mL). and maintained at 4°C. Cell viability was determined to be
=95% by trypan blue exclusion.

Hydrogen peroxide (H,0,) production was measured as de-
scribed by Bass et al.'® The leukoeytes (10° cells/mL) were incu-
bated with 5 umol/L 2. 7, dichlorofluorescin-diacetate (DCFH-
DA: Kodak. Rochester. NY) in PBS for 10 minutes at 37°C. Cells
were then placed on ice to inhibit spontancous H,0, production
and assaved immediately, The Ruorescence (FL) of the PMNs was
measured flow cytometrically with a FACS analyvzer interfaced to a
Consort 30 computer system (Becton Dickinson, San Jose, CA)
both before (control) and after (experimental) a | S-minute stimula-
tion with phorbol-12-myristate, 13-acetate (PMA: Sigma, St Louis.
MO) (100 ng/mL). Green FL was monitored between 515 and 545
nm after excitation by a mercury arc lamp with 2 485/22 nm excita-
tion filter. PMNs were differentiated by Coulter volume(s) and right
angle light scatter properties. The percent change in H,0, produc-
tion was calculated as follows:

Mean FL Intensity Experimental — Mean FL Intensity Control
Mcan FL Intensity Control

Resul!s are reportcd as the percent change in mean fluorescence.

Stavistical unalysis.  The Normal Scores Test was used 1o make
pairwisc comparisons of time. The test was performed using the
software package StatXact (Cytel Software Corp. Cambridge. MA).
and exact P values were obtained.

RESULTS

Effects of Cytokine Protocols in Sublethally Irradiated
Rhesus Monkevs

Exposure to 450 cGy TBI required both PLT transfusions
and antibiotics to ensure 1007% survival (LDsg, without
clinical support. unpublished results). The HSA-treated
control animals required antibiotic support for an average
16-day period (day 5 to 20) of ncutropenia (ANC < 1.000/
uL). and PLT support over a 10-day period (day 10 to 19) of
scvere thrombocytopenia (PLT < 30.000/uL) (Table | and
Fig 1). Normal PMN and PLT levels were not attained uniil
days 24 and 30. respectively (Fig 1).

Plarelei Recovery

The administration of 25 ug/kg/d of GM-CSF shortened
the duration of neutropenia in the irradiated primate. How-
ever. it did not significantly promote PLT recovery com-
pared with HSA conuol animals. nor did it alter the depth
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Fig 2. Hydrogen peroxide production as described in Methods by PMNs obtained from cytokine- or control-treated rhesus monkeys
following sublethal irradiation. The mean values (+ SEM) of the percent change in fluorescence/cell {10,000 PMNs/analysis) by each

animal from its respective baseline are reported.

of the postirradiation nadir (Fig [A). HSA- and GM-CSF-
treated animals required from two to four PLT transfusions
cach during the nadir period. In contrast, IL-3 administra-
tion accclerated PLT recovery. with preirradiation levels at-
tained by day 22 (Fig 1A). The PLT nadir in IL-3-treated
animals as well as the duration of thrombocytopenia (day
10 to 15) was significantly different (P = .005) from HSA-
treated controls (Fig 1A).

Coadministration of GM-CSF and IL-3 resulted in accel-
erated PLT recovery (Fig | A). which reached preirradiation
levels S days earlier than in !L-3-treated animals (day 17 v
day 22). Animals coadministered 1L-3 and GM-CSF were
PLT transfusion-independent during the postirradiation
nadir and although not statistically significant, further re-
duced the duration of thrombocvtopenia 3 days versus IL-
3~treated animals (Table 1). The duration of thrombocyto-
penia was significantly reduced by 7 days versus
HSA-treated animals (£ = .004) and 5 days versus the se-
quential IL-3/GM-CSF protocol (P = .04). The ratc of PLT
recovery. depth of the nadir period, and duration of throm-
bocytopenia in animals treated sequentially with IL-3 fol-
lowed by GM-CSF did not differ significantly from that
observed in animals recciving GM-CSF or IL-3 alone (P =
A9 (Fig 1A). The PLT recovery in animals where GM-CSF
administration began on day 7 postirradiation was similar

to that seen when therapy was initiated on day 1 postirradia-
tion (Fig 1A).

Neutrophil Recovery

The injection of either HHSA. GM-CSF. IL-3, or GM-CSF
and IL-3 beginning at day 1 postirradiation induced an
early. rapid mobilization of PMNs into the systemic circula-
tion (Fig 1B). PMN levels above normal were maintained
for several days postirradiation. thereafter decreasing to
their nadir. GM-CSF accelerated the recovery of circulating
PMN:s, and significantly (P = .009) reduced the duration of
neutropenia by 5 days (day 6 to 16) compared with HSA-
treated monkeys (day 5 to 20). and significantly reduced the
depth of the nadir (Table 1 and Fig 1B). IL-3 treatment did
not acceleratc PMN recovery versus HSA-treated animals
(Fig 1B and Table I). Coadministration of GM-CSF and
IL-3 elicited the most rapid return of PMN numbers to
preirradiation levels (Fig 1B). An abortive increase of PMNs
was noted at day 11 postexposure, which could not be sus-
tained. A true PMN recovery followed several days hence.
Antibiotic therapy was maintained through this increase.
therefore antibiotic administration was reduced by 7 days in
GM-CSF- and IL-3-trcated animals. The duration of ncu-
tropenia was significantly reduced (P = .006) from 11 days
to 6 days in animals that were coadministered GM-CSF and

Fig 1. Regeneration of the circulating platelet (A) and absolute neutrophil {B) counts { = SEM) following sublethal irradiation of rhesus
monkeys treated with HSA or IL-3/GM-CSF cytokine protocols. Cytokines or HSA were administered over a 21-day protocol by twice daily

subcutaneous injections as described in Methods.
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1L-3 {Table 1) versus GM-CSF therapy alone, In addition,
the coadministration of IL-3 and GM-CSF significantly (»
= .01 reduced the duration of neutropenia (6 days) versus
the sequential 1L-3/GM-CSF protocol (12 days).
Sequential cytokine therapy provided no benefit in PMN
production over GM-CSF alone (P = .19) or IL-3alone (P =
19 (Fig 1B and Table 1). In addition. when GM-CSF ad-
ministration was delaved until day 7. the animals exhibited
an identical kinetic pattern of PMN recovery (2 = .13) as
those treated with GM-CSF for the entire 21 days (Fig 1B).

Neatrophil Function

PMNs produced during cytokine treatment with GM-
CSF. IL-3. or GM-CSF and IL-3 were capable of producing
significantly ( < .05) more H,0, than normal, preirradia-
tion PMNs (Fig 2). This priming cffect decrcased within
several days after cessation of cytokine therapy. PMNs in
HSA-treated animals were also primed for an increased re-
spiratory burst in response to stimulation during the over-
shoot pericd after the nadir.

DISCUSSION

Severe neatropenia and/or thrombocytopenia remain as
dosc limiting sequelae following intensive cytotoxic therapy
with drugs or radiation. The recombinant cvtokine GM-
CSF accelerates recovery of neutrophils®™?? and maintains
their functional capacity.® vet has little demonstrable effect
on platelet recovery. In contrast, IL-3 promotes a slower
increase in neutrophils and monocytes while accelerating
the recovery of circulating platelet levels.** Recent in vi-
tro™% and in vivo™* results of combined IL-3 and GM-
CSF use suggest increased clinical efficacy of this cvtokine
combination.

The present studies were performed to test the in vivo
cfficacy of two combination regimens. cither the coadminis-
tration or the sequential administration of 1L-3 and GM-
CSF. relative to their respective controls in a primate model
of radiation-induced marrow aplasia. Surprisingly. the rate
of neutrophil and platelet recovery was increased in re-
sponse to coadministration of GM-CSF and IL-3 relative to
the IL-3/GM-CSF sequential protocol. This would not have
been predicted from studies in our laboratory. which
showed a dampened response when these factors were coad-
ministered to normal monkeys (Farese et al. unpublished
data).

Stah! et al® recently evaluated the differential effects of
coadministered. sequential. and single agent I1L-3 and GM-
CSF protocols on megakaryocyte maturation and platelet
response in normal primatces. They concluded that adminis-
tration of IL-3 and GM-CSF in a scquential protocol was
most efficient in stimulating thrombopoiesis by sequen-
tially increasing megakarvoceyte numbers and maturation.
These cumulative ceffects were diminished by coadministra-
tion of the two cytokines. WBC were increased without al-
tering the differentiat in all GM-CSF containing protocols.
Sequential administration of 1L-3 followed by GM-CSF had
previously been shown to promote a synergistic stimulation
of neutrophils and platelets in normal cynomolgus mon-
kevs.™#

FARESE ET AL

However, scquential administration of IL-3 and GM-
CSF in the present studics did not demonstrate a shortened
recovery period, let alone synergy in the sublethally irra-
diated rhesus monkey. The kinetics of platelet recovery
showed that the nadir and duration of thrombocytopenia (8
days) were not significantly different from the HSA, GM-
CSF. or IL-3-treated controls, Relative 10 the GM-CSF
monotherapy (11 days). the nadir and duration of neutro-
penia (12 days) were unchanged in animals treated with
IL-3 followed by GM-CSF. However. once initiated. the
production of ncutrophils was rapid. reaching peak values
greater than GM-CSF alone and equivalent to the coadmin-
istered I1L-3/GM-CSF protocol. Recently Ganser et al®® re-
ported during a phase | study of tumor patients with normal
hematopoictic capacity. that a sequential combination regi-
men of IL-3 and GM-CSF increased PMN counts but not
PLT counts relative to IL-3 monotherapy. However, the
PMN response 1o sequential 1L-3/GM-CSF was not greater
than that noted in the Herrmann et al study. when GM-CSF
was administered alone.*” In two additional clinical studics.
sequential therapy with IL-3, followed by GM-CSF showed

no benefit on myclopoicesis and thrombopoiesis versus
monotherapy with GM-CSF** or IL-3.% Delay of GM-CSF

therapy for 7 days without IL-3 priming. aceclerated neutro-

phil recovery in a fashion similar to that observed in ani- *

mals that received the full 21-day course of GM-CSF ther-
apy. These results are comparable with those of Meisenberg
et al.* who demonstrated that neutropenia duc to a single
dose of mcchloroethamine can be equally reduced with
both early and delayed initiation of G-CSF therapy. These
data and thosc of Meisenberg et al*® suggest that cytokine

(G-CSF and GM-CSF) responsive target cells ate available,

at day 7 regardless of early GM-CSF or G-CSF administra-
tion. The responsive population requires several days to be
generated. Early IL-3 administration alone docs little* for
expanding the surviving GM-CSF target population in ifra-
diated marrow.

These results are discordant with the conclusions drawn
from in vivo results in normal primates. which showed that
IL-3 expands progenitor cells that arc responsive to subse-
quent GM-CSF administration. 1t has been recognized that
the common functiona!l characteristics of 11.-3 and GM-
CSF may in part be explained by shared binding capacities
on hematopoietic cells. Both molecules compete for binding
with equally high affinity for a subpopulation of cell surface
receptors.*"* The competition between IL-3 and GM-CSF
for receptor binding is explained by competition for the
common 3 chain among the specific « subunit. In this case
the 3 chain is rate limiting. It has been hypothesized by
Lopez et al* that the « chain itself can deliver a growth
signal by coupling directly to a signal transduction mecha-
nism absent in mature cells. Progenitor cells may also have
sufficient (nonlimiting) amounts of g chains allowing li-
gands to bind to and signal through the « g high-affinity
receptor complex. Perhaps competition would not occur in
this case. The irradiated. aplastic marrow may show a sub-
population of progenitor cclls responsive to both IL-3 and
GM-CSF. whereas target cells responsive to IL-3 alonc arc
greatly reduced. It is worth noting that Stahl et al'' showed

AP g e e

el bR By R g e AWA T

e

T I A e e e,

L & el o

RIS A e e

B

FAE R 0 st Mg B

WA

SRR S

B

S

P



CYTOKINE PROTOCOLS N IRRADIATED PRIMATES

that megakanaocste ploidy  was significantly  increased
within 3 days in primates coadmmistered -3 and GM-
CSF relative 10 the 7-day period required for cither the se-
quential protocol or GM-CSF alone.

Our data also suggesis increased presence and/or produg-
tion of target cells responsive to the coadministration of
1L-3 and GM-CSF and forecasts the potential eflicacy of
fusion proteins. such as the IL-3/GM-CSF protein
PIXY 321.*™ Data obtained using PIXY 321 in this model,
with respect to platelet and neutrophil production is compa-
rable to that observed with coadministration of GM-CSF
and 1L.-3." An exception is the abortive rise in PMN produc-
1on seen at day 11 with the coadministration of eviokines.
This study suggests that coadministration of 1L-3 and GM-
CSF may provide a significant clinical advantage to existing
cvtokine therapies for myelosuppression. It also offers a
cautionary note with regards to drawing conclusions about
cvtokine activity in myclosuppressed animals based on data
obtained from normal animals.

ACKNOWLEDGMENT

The authors thank Dr Steven Gillis for critical reading of this
manuscript. Richard Brandenburg, Eloise Scams, Ken Kirschner,
and David Matlick for technical assistance. and William Jackson
tor assistance with the statistical analysis,

REFERENCES

1. Monroy RL, Skelly RR. MacVittie TJ, Davis TA. Sauber JJ.
Clark SC. Donahue RE: The effect of recombinant GM-CSF on the
recovery of monkeys transplanted with autologous bone marrow,
Blood 70:1696, 1987

2. MacVittic TJ. Monroy RL. Patchen ML. Souza LM: Thera-
peutic use of recombinant human G-CSF in a canine model of
sublethal and lethal whole-body irradiation. Int J Radiat Biol
§$7:723. 1990

3. Welte K. Bonilla MA, Gillio AP. Boone TC. Potter GK. Ga-
brilove JL. Moare MAS. O'Reilly RJ. Souza LM: Recombinant
human granulocyte colony-stimulating factor.. Effects on he-
mopoicsis in normal and cyclophosphamide-treated primates. J
Exp Med 165:941, 1987

4. Gilhio AP. Gasparetto C. Laver J. Abhoud M. Bonilla MA,
Garnick MB. O'Reilly RJ: Effects of interleukin-3 on hematopoi-
ctic recovery after S-flunrouracil or cyclophosphamide treatment of
cynomolgus primates. J Clin Invest 85:1560. 1990

5. Ganser A, Scipelt G, Lindemann A, Ottimann O, Falk S. Eder
M. Herrmann F. Becher R, Hoffen K. Bichner T, Klausmann M.
Frisch J. Schulz G, Merteismann R: Effects of recombinant human
interleukin-3 in patients with myclodysplastic syndromes. Blood
76:455. 1990

6. Ganser A, Lindemann A, Seipelt O, Ottmann G. Herrmann
¥, BEder M. Frisch J. Schulz G. Mertelsmann R, Hoclzer D: Effects
of recombinant human interlcukin-3 in patients with normal he-
matopoicsis and in patients with bone marrow failure. Blood
T6:666. 1990

7. Donahue RE. Sechra J. Metzger M. Lefebyre D, Rock B, Cor-
bone S. Nathan DG, Garnick M. Seghal PK. Laston DD, LaValle E.
McCoy J. Schendel PE. Norton C, Turner K. Yang YC, Clark §¢C:
Human [1.-3 and GM-CSF act synergistically in stimulating hem-
topoiesis 10 primates. Science 2411820, [988

#. Krumwich 1. Weinmann E, Sciler FR: Different ceffects of
interlerbin VAL 3y on the hematopoiesis o7 Lubhuman primates
due o vanous combinations with granulocy te-macrophage colony-

3017

stimulating fsctor (GM-CSF)Y and granulocy te colony stimulating
factor (G-CSE). Int ) Cell Cloning X:229. 1994

9, Stahl CP. Winton EF, Monroe MC. Hafl E. Holman RC,
Maers LA, Lichl E, Exan B: Differential effects of sequential. simul-
tancous, and single agent interleubin-3 and granulocste macro-
phage colony-stimulating fictor on megakars ocy e maturation and
platelet response in primates. Blood 80:2479, 1992

10, Siel" CA. Niemeyer CM. Nathan DG, Ekern SC, Bicher FR.
Yang YC. Wong G, Clark $C: Stimufation of human hematopoi-
ctic colony formation by recombinant gibbon multi-colony stimu-
fating factor or [1.-3, J Clin Invest RO:R 18, 19K7

1 Stahl CP, Winton L1, Monroe MC, Holman RC, Zelashy M,
Lichl E, Myers LA, McClure H. Anderson D, Evatt BL.: Recombi-
nant human granuloeyte-macrophage colony stimulating factor
promotes megakaryocs ie maturation in nonhuman primates. Exp
Hematol 19:810, 1991

12. Robinson BE. McGrath HE. Quesenberry PJ: Recombhinant
murine granulocvie macrophage colony stimulating factor has
megakarvoevie stimulating action and augments megakarvocyie
colony stimalation by i1.-3, J Clin Invest 79:1648, 1987

13, Bruno E, Miller ME, Hollman R: Interacting cytokines regu-
late in vitro human megakarvocytopoiesis. Blood 76:671. 1989

14, Meteall ID. Nicola NA: The clonal proliferation of normal
mouse hematopoictic cells: Enhancement and suppression by col-
ony-stimulating factor combinations. Blood 79:2861, 1992

15. Bruno L. Cooper RJ. Briddell RA. Hoffman R: Further ex-
amination of the effects of recombinant cviokines on the prolifera-
tion of human megakaryoevte, progenitor cells. Blood 77:2339,
1991

16. Bridell RA. Hoffman R: Cyvtokine regulation of the human
burst-forming unit megakarvocyte. Blood 76:516. 1990

17. Gillis S. Urdal DL, Clevenger W, Klinke R, Price V. Cosman
D: Production of recombinant human colony-stimulating factors
in veast. Behring Inst Mitt 83:1. 1988

18. Walder RY. Walder JA: Oligodcoxynucleotide directed mu-
tagenesis using the veast transformation system. Gene 42:133. 1986

19. Bass DA, Parce JW. DeChatelet LR. Szejda P. Seeds- MC.
Thomas M: Flow cytometric studies of oxidative product forma-
tion by neutrophils: A graded response to membrance stimulation. J
Immunol 130:1910. 1983

20. Vadhan-Raj S. Keating M. LeMaistre PL, Hittelman WN,
McCredie K. Trujillo JM. Broxmeyer HE, Henney CS. Gutterman
JV: Effects of recombinant human granulocyte-macrophage col-
ony-stimulating factor in patients with myelodysplastic svndrome,
New EnglJ Med 317:1545, 1987

21. Antman KS. Griffin JD. Elias A, Socinski MA. Rvan L. Can-
nistra SA. Octte D, Whitley M. Frei E. Schnipper LE: Effiect of
recombinant human granulocyte-macrophage colony-stimulating
factor on chemotherapy-induced myelosuppression. New Engl J
Med 319:593, 1982

22, Monroy RL. Skelly RR, Tavlor P, Dubois A. Donahue RE.
MacVittie TJ: Recovery from severe hemopoictic suppression us-
ing recombinant human granulocyte-macrophage colony stimulat-
ing factor, Exp Hematol 16:334, 1988

23, Kaplun SS. Basford RE. Wing EJ. Shadduck RK: The effect
of recombinant human granulocy te-macrophage colony-stimulat-
ing factor on neutrophil activation in patients with refracton carci-
noma. Blood 73:636. 1989

24, Emerson SG. Yang YC. Clark SC. Long MW: Human re-
combinant granulocyte-macrophage  colony-stimulating  factors
and interleukin 3 have overlapping but distinet hematopoictic activ-
itics. J Clin Invest 82:1282, 1988

25. Sonoda Y. Yang YC. Waong GG, Clark SC. Ogawa M: Analy-
sisinserum-free culture ol the targets of recombinant human hemo-

“..

S Ty D Y Rl e A i ey e it g ok v.v’.f

i

b

B R ST T TN P PR G e

e

LA I YA Sk e 4

Sp RN g e B B ) b

St o

SRR R

Vit ra



P—————______

3018

poictic growth factors: Interleukin 3 and granulocyte macrophage-
colony-stimulating factor are specific for early development stages,
Proc Natl Acad Sci UISA 85:4360, 1988

26. Ganser A, Lindemann A, Oumann OG. Seipelt G, Hess U,
Geissler G, Kanz L, Frisch J, Schulz G, Herrmann F, Mertelsmann
R. Hoelzer D: Sequential in vivo treatment with two recombinant
human hematopoictic growth factors (interleukin-3 and granulo-
eyte-macrophage colony-stimulating factor) as a new therapeutic
maodality to stimulate hematopoiesis: Results of a phase [ study.
Blood 79:2583, 1992

27. Herrmann F, Ganser A, Lindemann A, Schulz G. Liibbert
M. Hoclzer D, Mertelsmann R: Stimulation of granulopoicsis in
patients with malignancy by recombinant human granulocyte-ma-
crophage colony-stimulating factor: Assessment of two routes of
administration. J Biol Response Mod 9:475. 1990

28. Brugger W. Frisch J, Schulz G, Pressler K, Mertelsmann R,
Kanz L: Sequential administration of interlcukin-3 and granulo-
cyte-macrophage colony-stimulating factor following standard-
dose combination chemotherapy with ctoposide. ifosfamide. and
cisplatin. § Clin Oncol [0:1452. 1992

29. Oster W, Frisch J. Nicolay U, Schulz G: Interleukin-3: Bio-
logic effects and clinical impact. Cancer 67:2712, 1991

30. Mcisenberg BR. Davis TA, Mclaragno AJ, Stead R, Monroy
RL: A comparison of theraprutic schedules for administering gran-
uloeyte colony-stimulating factor to nonhuman primates after
high-dose chemotherapy. Blood 79:2267, 1992

31, Oster W, Lindemann A, Mertelsmann R, Herrmann F
Granulocyte macrophage colony stimulating factor (CSF) and mul-

FARESE ET AL

tilincage CSF recruit human monocytes 1o express granulocyte
CSF. Blood 73:64, 1989 ’

32, Park LA, Friend D, Price V. Anderson D, Singer J. Prickett
KS. Urdul DL: Heterogeneity in human interleukin-3 receptors: A
subclass that binds human granulocyie/macrophage colony stimu-
lating factor. J Biol Chem 264:54200 1989

13, Budel LM, Elbaz O, Hoogerbrugge H, Delwel R, Mahmoud
LA. Lowenberg B, Touw [P; Common binding structure for granu-
tocyte macrophage colony stimulating factor and interieukin-3 on
human acute myeloid leukemia cells and monocyies. Blood
75:1439, 1990

34, Lopez AF. Ellion MJ, Woodcock J. Vadas MA: GM-CSF.
11.-3, and IL-5: Cross-competition on human hemopoctic cells. Im-
munol Today [3:495. 1992

15, Curtis BM. Williams DE, Broxmeyer HE, Dunn J, Farrah T,
Jeflery E. Clevenger W, de Roos P. Martin V, Friend D, Craig V.
Gayle R, Price V., Cosman D, March CJ, Park LS: Enhanced activ-
ity of a human granulocyte-macrophage colony-stimulating factor-
interfeukin-3 fusion protein. Proc Natl Acad Sci USA 88:5809.
1991

36. Williams DE, Park LS: Hematopoietic effects of a granulo-
cvte-macrophage colony-stimulating factor/interleukin-3 fusion
protein, Cancer 67:2705, 1991

37, Williams DE, Dunn JT, Park LS. Frieden EA, Seiler FR,
Farese AM, MacVittic T): A GM-CSE/IL-3 fusion protein pro-
motes neutrophil and platelet recovery in sublethally irradiated rhe-
sus monkeys. Biotechnol Therapeut 4:17, 1993

4 s ARG,

NP,

Sy S 2l g
g #>

S

PR R 12 ]

$or

THP SR N TR S e A oo

ke 47

R AR




